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In  1965,  Newmark  described  methods  for  computing  permanent  displacements 
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digitized  accelerograms  and  compute  the  permanent  displacements  from  the 
velocity-time  history  and  the  resistance  coefficients.  All  records  were  scaled 
to  0.5g  peak  acceleration  and  30-in. /sec  peak  velocity,  and  the  resulting 
scaled  permanent  displacements  are  called  standardized  maximum  displacements. 

A total  of  169  horizontal  and  10  vertical  corrected  accelerograms  were  pro- 
cessed in  addition  to  several  synthetic  records.^ 

The  greatest  standardized  maximum  displacements,  computed  from  records  of 
the  magnitude-6.5  San  Fernando  earthquake  of  9 February  1971  on  soil  sites,  were 
about  1.5  times  above  Newmark's  upper  bound,  while  those  for  all  other  earth- 
quakes analyzed  were  near  or  below  Newmark's  upper  bound.  The  maximum  values 
computed  from  the  Jennings  et  al.  synthetic  record  for  a magnitude  8+  earth- 
quake were  about  l.T  times  higher  than  Newmark's  upper  bound.  Those  for  the 
Seed-Idriss  synthetic  record  fell  slightly  below  those  for  the  Jennings  et  al. 
synthetic  records.  Ten  records  from  rock  sites  compared  with  hj  records  from 
soil  sites  indicate  that  permanent  displacements  on  rock  sites  are  about 
75  percent  of  those  on  soil  sites  from  earthquakes  of  the  same  magnitude,  peak 
acceleration,  and  peak  velocity.  It  was  found  that  sta.iJardized  maximum 
displacements  were  roughly  proportional  to  the  duration  of  shaking,  and 
consequently  were  positively  correlated  with  earthquake  magnitude. 

Appendixes  A and  B list  the  earthquakes  and  the  ground  motion  data  used, 
respectively.  Appendix  C presents  data  on  the  synthetic  records. 
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THE  CONTENTS  OF  THIS  REPORT  ARE  NOT  TO  BE 
USED  FOR  ADVERTISING,  PUBLICATION,  OR 
PROMOTIONAL  PURPOSES.  CITATION  OF  TRADE 
NAMES  DOES  NOT  CONSTITUTE  AN  OFFICIAL  EN- 
DORSEMENT OR  APPROVAL  OF  THE  USE  OF  SUCH 
COMMERCIAL  PRODUCTS. 


PREFACE 


This  report  is  part  of  ongoing  work  at  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  in  the  Civil  Works  Program,  ’’Earth- 
quake Resistance  of  Earth  and  Rock-fill  Dams,”  CWIS  No.  31li***,  sponsored 
by  the  Office,  Chief  of  Engineers,  U.  S.  Army.  This  report  was  prepared 
by  Dr.  Arley  G.  Franklin  and  Mr.  Frank  K.  Chang  of  the  EarthquaJce  Engi- 
neering and  Vibrations  Division,  Soils  and  Pavements  Laboratory  (S&PL), 
under  the  general  direction  of  Mr.  James  P.  Sale,  Chief,  S&PL,  and 
Dr.  Francis  G.  McLean,  Chief,  Earthquake  Engineering  and  Vibrations 
Division. 

Directors  of  WES  during  the  period  of  this  study  were  COL  G.  H. 
Hilt,  CE,  and  COL  John  L.  Cannon,  CE.  Technical  Director  was 
Mr . F . R . Brown . 
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U.  S.  customary  units  of  measurement  used  in  this  report  can  be  converted 
to  metric  (Sl)  units  as  follows: 

Multiply By To  Obtain 


inches 

2.5*4 

centimetres 

inches  per 

2.5*4 

centimetres  per 

second 

second 

EARTHQUAKE  RESISTANCE  OF  EARTH  AND  ROCK-FILL  DAMS 

PERMANENT  DISPLACEMENTS  OF  EARTH  EMBANKMENTS  BY 
NEWMARK  SLIDING  BLOCK  ANALYSIS 

PART  I : INTRODUCTION 

1.  In  his  1965  Rankine  Lecture,  "Effects  of  Earthquakes  on  Dams 
and  Embankments,"  Newmark^  described  simple  concepts  for  computing  the 
displacement  of  a sliding  mass  in  an  embankment  subjected  to  earthquake 
accelerations.  He  also  presented  charts,  based  on  a sliding  block  model, 
for  estimating  the  upper  bounds  of  potential  permanent  displacements 

due  to  an  earthquake  with  a given  peak  acceleration  and  peak  particle 
velocity.  The  calculations  from  which  these  charts  were  derived  were 
based  on  ground  motions  from  four  earthquake  accelerograms.  Since 
Newmark's  I965  lecture,  the  Parkfield  earthquake,  with  0.5g  recorded 
on  the  San  Andreas  Fault,  and  the  San  Fernando  earthquake,  with  1.25g 
recorded  in  the  epicentral  region,  have  occurred,  and  a large  number  of 
strong-motion  accelerograms  have  been  collected  from  these  and  other 
events.  It  was  decided  to  use  these  records  to  extend  the  data  base 
for  Newmark's  charts. 

2.  Newmark  x resented  charts  for  the  cases  of  symmetrical  and  non- 
symmetrical  resistance  to  sliding.  The  case  of  symmetrical  resistance 
can  be  of  only  ^nfiequent  occurrence,  and  leads  to  limited  permanent 
deformations.  It  was  judged  to  be  of  minor  interest,  and  only  the  second 
case,  that  of  a sliding  block  moving  downslope,  was  dealt  with  in  this 
study. 
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3.  A total  of  169  horizontal  and  10  vertical  strong-motion  records 
from  27  earthquakes  and  10  synthetic  accelerograms  were  used  with  the 
sliding  hlock  analysis,  and  the  results  are  presented  in  Part  III.  List- 
ings of  the  earthquakes  and  the  ground  motion  data  used  are  given  in 
Appendixes  A and  B,  respectively,  and  Appendix  C presents  data  on  the 
synthetic  records. 
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PART  II:  METHOD  OF  ANALYSIS 

Concepts  of  Nevmark's  Method 

4.  A case  of  potential  sliding  of  a portion  of  an  emtankraent  under 
earthquake  loading  is  illustrated  in  Figure  1.  The  effective  force  re- 
sulting from  the  critical  earthquake  acceleration  is  the  force  NW  in  Fig- 
ure 1.  This  force  is  the  product  of  the  weight  W*  of  the  sliding  mass 
and  the  fraction  N of  gravitational  acceleration  g that  is  required  to 
reduce  the  factor  of  safety  to  unity.  The  direction  of  the  force,  de- 
fined by  its  angle  of  inclination  to  the  horizontal,  6 , is  the  most 

critical  direction,  or  that  which  resiilts  in  a minimum  value  for  N.  The 

2 

angle  6 is  normally  no  more  than  a few  degrees.  According  to  Sarma, 

both  the  factor  of  safety  and  the  permanent  displacements  are  insensitive 

to  0 , and  it  can  be  taken  as  zero  with  little  error.  The  value  of  N, 

the  critical  acceleration  or  resistance  coefficient,  can  be  found  by  means 

of  conventional  methods  of  stabiliity  analysis,  such  as  Bishop's  Method, 

the  Morgenstern-Prlce  method,  etc.,  using  appropriate  undrained  strength 

values.  Various  trial  values  of  N may  be  used  so  as  to  find  the  value 

that  makes  the  factor  of  safety  equal  to  unity.  Plane,  circular,  or 

other  forms  of  slip  surface  may  be  considered.  The  method  of  stability 

2 

analysis  described  by  Sarma  uses  a slip  surface  of  arbitrary  shape  and 
determines  the  value  of  N directly. 

5.  The  force  polygon  for  the  sliding  mass  is  shown  in  Figure  2b. 

* For  convenience,  symbols  and  unusual  abbreviations  used  in  this  report 
are  listed  and  defined  in  the  Notation  (Appendix  D). 
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c.  Force-displacement  relation 


Figure  2.  Mechanical  model  for  displacement  analysis 
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The  same  force  polygon  can  silso  represent  the  forces  on  a rigid  block 
that  is  ^out  to  slide  down  an  inclined  plane,  as  shown  in  Figure  2a. 

In  the  condition  illustrated,  the  base  is  undergoing  an  acceleration  Ng 
to  the  left  and  upward,  the  shearing  resistance  S has  reached  its  limit- 
ing value,  and  slippage  of  the  block  relative  to  the  plane  is  imminent, 
or,  in  other  words,  the  factor  of  safety  is  unity.  The  force  P is  the 
resultant  of  the  normal  forces,  and  S the  resultant  of  the  distributed 
shear  resistance,  on  the  slip  surface  of  Figure  1.  The  angle  6 , the 
inclination  of  the  plane  surface,  is  found  as  the  inclination  of  the 
force  S.  The  resistance  to  sliding  is  assumed  to  be  rigid-plastic,  as 
shown  in  the  force-displacement  diagram  in  Figure  2c.  The  resistance  to 
sliding  is  unsymmetrical , because  the  block  can  slide  downslope  more 
easily  than  upslope.  For  the  computations  of  permanent  displacement  pre- 
sented in  this  report,  it  is  assumed  that  the  resistance  to  sliding  up- 
slope is  sufficiently  large  that  upslope  sliding  never  occurs.  This 
assumption  results  in  the  greatest  permanent  displacement,  and  thus  rep- 
resents the  worst  case. 

6.  For  an  embankment  that  suffers  a slope  failure  due  to  seismic 
ground  motions,  the  total  permanent  displacement  of  a sliding  mass  rela- 
tive to  the  base  is  the  sum  of  the  increments  of  displacement  occurring 
during  a number  of  individual  pulses  of  ground  motion.  Consider  a 
single  rectangular  acceleration  pulse,  with  ground  acceleration  Ag  last- 
ing from  time  zero  until  time  t^  (Figure  3a).  The  instantaneous  veloc- 
ity of  the  ground,  which  is  given  by 
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a.  Rectangular  acceleration  pulse 
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V =|Agdt,(0<t<t) 

g J — — o 

(1) 

V = Agt  , (t  > t ) 

follows  the  path  OBC  in  Figure  Sh.  The  acceleration  of  the  sliding 
block  is  limited  to  the  value  Ng  by  the  limit  of  the  shearing  resistance 
that  can  be  mobilized  at  the  contact.  If  the  acceleration  Ag  is  less 
than  or  equal  to  Ng,  the  block  and  the  base  will  move  together;  but  if 
Ag  is  greater  than  Ng,  the  absolute  velocity  of  the  sliding  block  fol- 
lows the  path  OC  in  Figure  3b,  which  represents  the  relation 


Relative  motion  between  the  base  and  the  block  continues  until  both  at- 
tain the  same  absolute  velocity,  which  occurs  at  time  t . From  that 

m 

time  on,  the  base  and  block  move  together,  without  slippage.  Since  the 
absolute  displacements  of  the  base  and  block  are  given  by  the  areas 
under  their  respective  velocity  versus  time  curves,  the  relative  dis- 
placement, u^,  is  given  by  the  area  between  the  two  curves,  the  triangle 
OBC,  which  is  shown  hachured  in  Figure  3b.  From  the  geometry  of  the  dia- 
gram, the  value  of  the  relative  displacement  is  given  by 


’^m  2gN  V A/ 


where  V is  the  maximum  ground  or  base  velocity,  which  is  equal  to  Agt^. 
If  nothing  happens  to  produce  further  relative  motion,  or  reverse  it. 


the  relative  displacement  will  be  permanent,  and  will  thus  be  called 
permanent  displacement. 
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Computation  of  Permanent  Displacements 

T.  The  computation  of  the  permanent  displacement,  u^,  from  an 

earthquake  record  can  he  visualized  from  the  plot  shown  in  Figure  U . A 

plot  of  this  type  can  also  he  used  to  perform  the  computation  graphically. 

The  curve  v (t)  represents  the  ground  or  hase  velocity  (the  velocity  of 
S 

the  ground  heneath  the  sliding  mass ) , while  the  critical  acceleration 

for  the  sliding  mass  is  represented  hy  a slope,  dv/dt  = Ng,  on  the  velocity 

versus  time  plot.  Wherever  the  ground  acceleration  (slope  of  the  ground 

velocity  curve)  exceeds  the  critical  acceleration,  the  velocity  curve  of 

the  sliding  mass  departs  from  that  of  the  ground  and  follows  a linear 

path,  v^  = Ngt,  until  the  two  velocities  again  become  equal,  at  which  time 

relative  movement  ceases.  The  total  permanent  displacement,  u^,  is  then  j 

given  hy  the  sum  of  the  areas  between  the  two  velocity  curves. 

8.  In  Newmark's  1965  Rankine  Lecture,  results  were  presented  for 
scaled  permanent  displacements  computed  from  four  strong-motion  records 
which  were  available  at  that  time.  The  four  earthquake  records  were  first 
scaled  to  a maximum  acceleration  of  0.5g  and  a maximum  ground  velocity  of 
30  in. /sec*  by  adjusting  the  acceleration  and  time  scales.  The  resulting 
scaled  values  of  relative  displacement,  called  standardized  maximum 
displacements,  were  plotted  against  the  ratio  N/A  on  a logarithmic  plot, 
and  upper  bound  curves  were  proposed  for  various  ranges  in  the  value  of 
N/A. 

* A table  of  factors  for  converting  U.  S.  customary  units  to  metric  (SI) 
units  of  measurement  is  found  on  page  U. 
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9.  Since  I965,  many  additional  strong-motion  records  have  become 
available.  The  study  reported  herein  was  made  to  determine  whether  these 
additional  records  materially  affect  the  upper  bounds  for  permanent  dis- 
placement proposed  by  Newmark.  For  this  study,  the  ground  velocities, 
ground  displacements,  and  permanent  displacements  were  computed  numerically, 
using  the  trapezoidal  rule,  by  means  of  a simple  computer  program  written 
in  Fortran  IV  for  the  G.  E. /Honeywell  635  digital  computer.  The  ground 
motion  records  used  were  179  digitized,  baseline-corrected  accelerograms 
of  the  California  Institute  of  Technology  (CIT)  Volume  II  series.  The 
four  earthquake  records  used  by  Newmark  were  included.  Agreement  in 
computed  permanent  displacements  for  these  records  was  close,  but  not 
exact,  probably  because  of  some  differences  in  the  form  of  the  earthquake 
records  used. 


Scaling 

10.  All  of  the  strong-motion  records  used  were  scaled  to  obtain  a 
maximum  ground  acceleration  of  0.5g  and  a maximum  ground  velocity  of 

30  in. /sec,  in  order  to  obtain  results  of  the  same  form  as  Newmark 's. 

11.  The  purpose  of  the  scaling  of  the  earthquake  records  is  to 
permit  direct  comparison  of  permanent  displacements  computed  from  records 
with  a wide  range  of  peak  accelerations  and  velocities.  The  process 

can  be  illustrated  graphically  with  a hypothetical  example  including 
numerical  values,  as  shown  in  Figure  5.  Suppose  that  a portion  of  an 
earthquake  record  is  represented  by  a velocity  versus  time  plot  (which 
is  normally  obtained  by  integration  of  the  acceleration  record)  as  shown 
in  Figure  5a,  and  that  the  peak  acceleration  has  been  identified  by  a 
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tangent  BC  to  the  velocity  curve  at  the  point  of  maximum  slope.  It  can 


be  seen  that  the  peak  velocity  V is  represented  as  5>  and  the  peak  accel- 
eration A as  8.  (The  values  have  been  chosen  for  numerical  convenience 
and  simplicity,  rather  than  realism,  and  units  of  measurement  have  been 
dispensed  with).  Suppose  also  that  the  geometric  construction  has  been 
made  on  the  record  for  the  computation  of  the  permanent  displacement  of 
a sliding  mass  whose  critical  acceleration  N is  2;  the  ratio  A/N  is  thus 
U.  The  relation  between  these  acceleration  values  is  also  illustrated 
by  the  diagram  ODEF  at  the  right-hand  side  of  the  figure.  In  the  diagram, 
if  the  base  OF  of  the  triangle  represents  unit  time,  then  the  altitude 
DF,  measured  along  the  velocity  axis,  represents  the  peak  acceleration  A, 
and  the  altitude  EF  represents  the  critical  acceleration  N.  Just  as 
previously  described  for  Figure  U,  the  shaded  areas  between  the  ciirves 
represent  increments  of  permanent  displacement  of  the  sliding  mass  relative 
to  the  ground  or  base,  and  the  sum  of  these  increments  is  the  total 

permanent  displacement,  u . 

m 

12.  Scaling  this  record  to  arbitrarily  chosen  standard  values 
of  peak  velocity  and  acceleration  is  done  by  adjusting  the  accelerations 
and  the  time  scale;  however,  it  is  equivalent  to  performing  the  following 
two  operations: 

a.  Transforming  the  ordinate  (velocity  axis)  by  scaling  it 
so  that  the  highest  peak  on  the  velocity  curve  corres- 
ponds to  the  desired  peak  velocity.  The  value  chosen 
for  the  example  is  15  (see  Figure  5b). 


k 
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b.  Transforming  the  abscissa  (time  axis)  by  scaling  it  so 
that  the  slope  of  the  line  representing  the  peak  accel- 
eration has  the  desired  value.  In  the  example,  a peak 
acceleration  of  12  was  chosen.  In  other  words,  the 
acceleration  diagram  is  scaled  so  that  the  distance 
DF  equals  12  units  on  the  new  velocity  axis;  the  distance 
OF  then  represents  one  time  unit . 

Another  way  of  looking  at  this  scaling  is  to  note  that  it  is  dimensionally 
correct  to  write  a velocity  as  the  product  of  an  acceleration  and  a time, 
or 

V = at  (1*) 


Therefore , 


(5) 


which  gives 


(6) 


in  which  the  subscript  s denotes  scaled  values.  For  the  example,  the 
required  time  scaling  is 


L.-  2 

t 5 12 


(7) 
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13.  The  resulting  transformed  velocity  record,  as  shown  in  Figure  5b, 

is  identical  with  the  original  except  for  the  scaling  of  the  coordinate  axes, 

and  examination  of  the  figure  will  show  that  the  desired  relationships 

among  accelerations,  velocities,  and  displacements  are  all  present.  Note 

particularly  that  in  the  transformation  of  the  peak  acceleration  A to  a 

scaled  peak  acceleration  A^,  the  critical  acceleration  of  the  sliding 

mass,  N,  is  scaled  in  the  same  proportion,  so  that  the  ratio  N /A  is 

s s 

the  same  as  N/A. 

1^+.  The  relationship  between  the  permanent  displacement  u and  its 

IQ 

representation  on  the  scaled  plot,  which  is  shown  as  u^,  is  apparent  from 
a comparison  of  Figures  5a  and  5b.  The  scale  relationship  between  the 
areas  is  equal  to  the  product  of  the  horizontal  and  vertical  linear  scales; 
thus , 


m V . t 


Substituting  for  the  time  scaling  the  expression  derived  earlier. 


s . ^ 
V A 


gives 


For  the  relation  between  the  standardized  maximum  displacement  and  the 
unsealed  permanent  displacement  u , v = 30  in. /sec  and  A = 0.5g 


are  used,  which  gives 


” ° (SofAg 


= U 


s ' I800A 

where  V is  the  maximum  gro\ind  velocity,  in  inches  per  second;  A is 

the  maximum  ground  acceleration,  as  a fraction  of  g,  in  t'he  unsealed 

record;  and  u and  u are  in  inches, 
s m 


(11) 
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PART  III:  RESULTS  I 

15.  Representative  results  from  the  analysis  of  a total  of  169 

horizontal  and  10  vertical  accelerograms  from  27  strong  earthquake  events 

of  the  western  United  States  are  plotted  in  Figures  6 through  10 , and 

discussed  in  the  following  sections.  In  addition,  computations  were  made 

U , . 5 

for  the  Jennings  et  al.  (CIT)  and  Seed-Idriss  synthetic  accelerograms, 
and  for  a synthetic  record  developed  to  f:'t  the  Nuclear  Regulatory 
Commission  Regulatory  Guide  I.60  spectra.^  Total  displacement  was  also 
correlated  with  Richter  magnitude,  duration,  and  distance. 

16.  Figures  6 through  10  show  the  standardized  maximum  displacement, 
u^,  versus  the  value  of  ^ (where  A and  N are  as  previously  defined)  for 
about  half  of  the  earthquake  records  analyzed,  and  include  those  that 
yielded  the  highest  values  of  displacement.  Figure  6 shows  results  from 

9 accelerograms  of  the  Kern  County,  California,  earthquake  of  21  July  1952, 
at  distances  of  U3  to  126  km  and  at  soil  sites.  Figure  7 contains  the  results 
from  1+7  accelerograms  of  the  San  Fernando  earthquake  of  9 February  1971  at 
distances  of  22.1+  to  I85  km,  at  soil  sites.  Figure  8 presents  the  results 
of  15  records  of  western  United  States  earthquakes  of  magnitudes  M 5.2  to 
6.0,  at  soil  sites.  Figure  9 represents  10  vertical  components  of  the 
1971  San  Fernando  earthquake.  Figure  10  represents  10  records  of  various 
western  United  States  earthquakes  at  rock  sites . To  permit  comparisons 
with  the  records  not  shown  in  these  plots,  Appendix  B lists  the  values  of 
standardized  maximum  displacement  for  three  values  of  N/A  for  all  records 
analyzed. 
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KERN  COUNTY.  CALIFORNIA  EARTHQUAKE,  7/21/52 


EPICENTRAL  distance  -43  TO  126  Km 


5 SOIL  SITES 

SCALED  TO  A -O.Sr.  V - 30  IN-AEC 
9 HORIZONTAL  COMPONENTS 


MEAN  VALUE 


NONSYMMfTRICAL  RESISTANCE 


A ■ M»«  eartmquahE  acceleration 

FigTire  6.  PermEinent  displacements  due  to  Kern  County 
earthquake,  21  July  1952  (soil  sites) 


STANDARDIZED  MAX.  DISPLACEMENT.  IN. 


Figure  7.  Permanent  displacements  due  to  San  Fernando 
earthquake,  9 February  1971  (soil  sites) 
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Figure  10.  Permanent  displacements  computed  from  rock  site 

accelerograms 
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Upper  Bounds  of  Permanent  Displacements 


17.  Figures  6 through  10  show,  in  addition  to  the  values  of  u^ 
versus  N/A,  three  curves  chosen  by  Newmark  to  represent  upper  bounds  for 
u^  as  computed  from  the  four  earthq,uake  records  used  in  his  1965  paper. 

In  Figures  6 through  9»  there  are  several  points,  the  highest  belonging 
to  the  1971  San  Fernando  earthquake,  lying  above  Newmark 's  upper  bound 
curves.  It  can  be  seen  from  these  figures  that  in  order  to  envelope  the 
permanent  displacements  computed  from  the  present  data,  the  bounding 
curves  must  be  raised. 

18.  Figure  10,  while  based  on  only  10  records  from  three  earth- 
quakes, suggests  that  permanent  displacements  at  rock  sites  will  be 
appreciably  lower  than  at  soil  sites,  for  earthquakes  of  equal  magnitude 
and  peak  motion  values,  and  for  all  of  the  values  shown  are  conservatively 
bounded  by  Newmark 's  upper  two  curves. 

Correlation  with  Magnitude  and  Duration 

19.  The  computed  values  of  standardized  maximum  displacement,  when 
plotted  against  duration  of  shaking,  as  shown  in  Figure  11  for  the  soil 
site  records  of  the  San  Fernando  earthquake,  can  be  seen  to  be  approxi- 
mately proportional  to  the  duration.  The  duration  for  this  purpose  was 
considered  to  be  the  period  lasting  until  the  last  acceleration  peak  with 
at  least  0.25  times  the  peak  acceleration.  Plots  of  values  from  other 
earthquake  records  (no\  shown  here)  are  similar.  Because  duration  of 
shaking  correlates  positively  with  earthquake  magnitude,  the  standardized 
maximum  displacement  values  can  also  be  expected  to  increase  with  magnitude. 
This  tendency  la  illustrated  in  Figure  12,  in  which  moan  value  cuxures 
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STANDARDIZED  MAX.  DISPLACEMENT 


Figure  11.  Permanent  displacement  versus  duration,  San  Fernando 
earthquake,  9 February  1971  (soil  sites) 


for  the  earthquakes  of  Figures  6,  7,  and  8 have  been  plotted.  The  sys- 
tematic variation  with  magnitude,  as  reflected  by  the  mean  values,  is 
small  compared  to  the  scatter  band  for  a single  earthquake,  however;  and 
for  N/A  values  approaching  unity,  the  relation  is  obscure. 

Correlation  with  Epicentral  Distance 

20.  The  records  of  the  San  Fernando  earthquake  of  9 February  1971 
were  examined  for  a relation  between  the  standardized  maximum  displacement 
and  epicentral  distance.  A weakly  defined  positive  correlation  was  found, 
probably  reflecting  the  dominance  of  long-period  motion  in  the  far  field. 


Synthetic  Earthquakes 

U 

21.  Jennings  et  al.  generated  four  different  types  of  synthetic 
accelerograms  to  represent  ground  motions  for  a variety  of  earthquakes. 

Type  A represents  the  accelerations  in  a magnitude  8 earthquake  and 

Type  B motion  is  expected  with  magnitude  7.  Type  C is  for  the  epicentral 
area  of  a magnitude  5 or  6 earthquake  and  Type  D represents  the  motion 

j close  to  the  fault  for  a shallow  earthquake  of  magnitude  *4  or  5 • Com- 

1 

[ puted  values  of  standardized  maximum  displacement  for  these  artificial 

I 

I 

accelerograms  are  plotted  in  Figure  13.  Newmark's  upper  bound  curve  is 
exceeded  here  by  a factor  of  about  1.7  for  the  IVpe  A (magnitude  8) 
earthquake.  The  synthetic  earthquake  of  magnitude  8-I/I4  modeled  by  Seed 
and  Idriss^  (Figure  ll*)  also  exceeds  Newmark's  bounding  curves,  but  by  a 
lesser  amount  for  most  values  of  N/A. 

22.  The  standardized  maximum  displacements  obtained  from  a synthetic 

^ accelerogram  developed  to  fit  the  response  spectra  given  in  the  Nuclear 
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STANOAROiZED  maa.  displacement,  in. 


OOl  005  O.IO  05  I 5 


values  or  — 

A 


MAX,  resistance  coefficient 
MAX.  earthquake  acceleration 


Figure  13. 


Permanent  displacements  due  to  CIT  simulated 
earthquakes  by  Jennings  et  al.^ 
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STANDAROlZeO  MAX.  DISPLACEMENT,  IN. 


Figure  lU.  Permanent  displacements  due  to  synthetic  earthquake 
of  magnitude  8-1/1+  (Seed-Idriss5) 


Regulatory  Commission  Regulatory  Guide  1.60^  are  shown  in  Figure  15.  The 
curve  is  close  to  the  average  curve  of  the  San  Fernando  earthquake  of 
magnitude  6.5  on  rock  sites,  as  shown  in  Figure  10,  but  falls  far  below 
Newmark's  limiting  curves  and  the  higher  values  computed  in  this  study. 

23.  Upper  bo\ind  curves  for  all  natural  and  synthetic  earthquake 
records  analyzed  in  the  present  study  are  shown  in  Figure  l6. 
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MAX.  EARTHQUAKE  ACCELERATtON 


Figure  15.  Permanent  displacements  due  to  synthetic  earthquake 
corresponding  to  response  spectrum  of  U.  S.  Nuclear  Regulatory 
Commission  (NRC)  Regulatory  Guide  1.60° 
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3^4 


Figure  l6.  Upper  bound  envelope  curves  of  permanent  displacements 
for  all  natural  and  synthetic  records  analyzed 
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PART  IV:  SUMMARY  AND  CONCLUSIONS 


2k,  In  1965,  Newmark^  presented  the  results  of  calculations  of 
scaled  peimanent  displacements  (standardized  maximum  displacements)  of 
earth  embankments  under  earthquake  loading,  on  the  basis  of  a sliding 
block  model  und  four  earthquake  records . Upper  bound  curves  were  given 
for  the  purpose  of  earth  and  rock-fill  dam  design.  Since  that  time,  many- 
more  strong-motion  earthquake  records  have  been  obtained,  and  it  was 
decided  to  extend  the  data  base  for  Newmark's  plots  using  the  available 
new  strong-motion  data. 

25.  A total  of  169  horizontal  and  10  vertical  strong-motion  earth- 
quake records  of  the  western  United  States  were  scaled  to  0.5g  peak 
acceleration  and  30-in. /sec  peak  velocity  and  processed  with  a computer 

program  written  for  this  study.  Additionally,  the  synthetic  earthquake 

4 5 

records  of  Jennings  et  al.  and  Seed-Idriss,  and  a synthetic  record 

developed  to  fit  the  response  spectra  of  the  Nuclear  Regulatory  Commission 

, 6 

Regulatory  Guide  1.60  were  processed.  Only  the  case  of  non symmetrical 
resistance  to  sliding  was  considered. 

26.  The  findings  of  this  study  are  summarized  as  follows: 

a_.  New  upper  bounds  of  standardized  maximum  displacement  for 
actual  earthquakes  were  established  by  records  of  the  San 
Fernando  earthquake  of  1971  (magnitude  6.5),  which  produced 
values  about  1.5  times  higher  than  those  obtained  from  the 
four  earthquake  records  used  in  1965  by  Newmark. 
b.  The  greatest  standardized  maximum  displacements  found  in 
this  study  were  produced  by  the  Jennings  et  al.  and  Seed- 
Idriss  synthetic  earthquakes  of  magnitude  8+,  and  were 

> 
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about  1.7  times  higher  than  Newmark's  upper  bounds. 


c_.  On  the  basis  of  comparison  of  10  records  from  rock  sites 
with  h'J  from  soil  sites,  computed  pennanent  displacements 
at  rock  sites  are  about  75  percent  of  those  at  soil  sites 
for  earthquakes  of  equal  magnitude,  peak  acceleration,  and 
peak  velocity. 

d.  Standardized  maximum  displacement  was  found  to  be  pro- 
portional to  the  duration  of  shaking,  and  consequently  to 
be  positively  correlated  with  magnitude,  but  the  trend  is 
weak  and  considerable  scatter  exists. 


% 
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APPENDIX  B:  STPONG-MOTION  DATA,  EARTHQUAKES  OF 
WESTERN  UNITED  STATES,  UNIFORMLY  PROCESSED  AT 
CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 


Pror««se<l  it  Ollfomli 


o eo 
•fs 

d ri  A 

< 


3-3  ^3  33  SS 

nm  *«(\j  cy^ 


s s *3  as  ss  ss  s g 


> > > > 


2 

t-  ^ ^ * 


'?  ° ° 

2 ®*  ^ '*'  ^ 


(^IC^'«-4^c^i  uxjfn  NOOJOvOC 


^itnS'  22''^  M<^--  cycycTsvodiA  Jrf\cvl  tdi/s^y  ^\o  Jefr^  cC-HrH  ol-JM  MtvoJ  riJd  ^r^d  ddd  -4ddc 


"5  Tt  S ■^2®d  ®.  *'1  ^ ®'^9  ''^  "*  *'*  'CO'O  sc -»  cy  soost)  «r -»  ty  o o c-  O' t-a>  ooirs  Oi-ti»'  osso  cj  ^ o is 

•^^"g  ^ 3 2“^  3d-»  'doom  (0  •-<  rv3<^  cy  (C S ^ id.Vo 


«:-4t'-  ^ o-«>  c>_»o  <E<ooi>  o>«-«i/ 

sis  §§^  “iS§  *^§^'  §§^  sgS  ffisi 


1:3  33  IU3  MW 


3M  3W  3M  M3  3bJ  33  33 


li  n ht  "^'S  5-5-  Vs  Vs  rs 

dp  m tn  ^ n r ^ tn  m & v.  ta  & v.  n w x ^ m x ^ x x.  S'  x x.  S x.  x.  S w w S w v>  S x.  x S x.  x.  S x.  w S mm? 


0^3 

X 3 

X.  3 

X 3 

X.  3 

r.  3 

X 3 

X 3 

X 3 

X.  3 

K 3 

K 3 

r^R 

25 

88 

8 0 

^6 

iTs 

J rfS 

ys  ITS 
-S  ITS 

^3 

8b 

■^2 

W 

E3  K3  K3  Bt3 

Sr  S2  S2  .?S^ 

?-ry  ^-^y 

(O  ^21  *^J4 


sssastas(s( 

* W ('  d>  /-  2 rH  4<  2 J* 

^ o X-  >■*  ^ cy  <y  cv  cy  « 

Vifs  -«  ^ f-  fL 


.#  -5  1 g EoxEps  -e 

-i  •?  X-^  § S i!  - S;  1m  11  |g  5*  35 

"I  i 18  i g«  g*  dt  irt  si*^ 

« B p X O-P  ST  •^5  ^5  .*Sf  .*  •ifc  08  7 ti'c  <2 

'•-  1^  5 p 5c  5?  -S*  s g|  ^“5  ts’^n  m" 

3.-'  Sf  5 ^5  S5  S£  Is  |3  I jT-  '“.rS  “S  -SS''^  "‘s|  5" 

I " ' i ifS  &|  *11  5?„  &■?«  t'^  £3  5*.  '”||J  “l&JI  .a|  3?^  3a  38^,  “3 

0 £■  >.  £ • SS  s2  1*1  I S E fS'^  S-i  u'#  ^£8  o’’"'«  (>■?■"££  8?  sS-  8E  S5 

f j3  f|  SS  Sj,  SJ£  5S8  .S  .s  5.8  if. -5  is, '53  E*  £*a  £"•>,  1*3  I3 

'3  tl  eS  E"  1 3 ■’5ESS3tSS3t£“'S  *S|“'S8*S5  £• 

O .■*  t“  S“  ' £**  6*''  5 3 ' § _^(UM.._  j.,  j„.fi  jn..  J«*  ;. 

w * V W M >itf  V U.  M M Ui  M <0  •;  Cl  w *3  < 


K3d  8 8 8 8 8 g 


cthervUe  r.oted. 

, and  HP  * hxrd  n 


Tkblc  B1  fCantlftu>4) 


■OK  ucpuws 


Tftbl*’  B1  fContl 


T«bl«  B1  (Continued) 


(continued) 


T*bl»  SI  (Continued) 


(continued) 


Tftble  B1  (CantiRije4) 


1^  * ^ ^ 

< I M ® o 


. 4 1 I r-  I I ^ 1 


^■1  f 


s 3 ;£  iK 


> i {ml  ! «'  I g ^ ^ ^ 


» c<  Q m »trs 


« K ? 


$ S 


^ c 5: 


<1^1  S "*  ■*  S -*•*'<» 


-4<«^  r-  9>'A  >4f-» 


’\(VR4  «N<V<r>  )^ivw%  t~><>l/ 


000  O«r>0i  CVll^'r^  <r\  ,.4r4<-«  (^0»rv  ft  ^ ts,  ft  ^ ft 

“'s'" 


i.'b-'i'  f-*i>-<r»  o<^0  ■-•OCM  a'«'b“  iA»n»  t\t\c-a  i/>v'9(  ?h15' 


O «■  O-V  b-  O ft  ««  f\i  f'ft  <v  c 


g*t-‘b-'4>  f-O'o^  juMf*  e-.-«c  t«-0'«r«  o^^o  ociV  \r-»o  000  000  at-<'<  ^ ft  ft  ^9«rvsco  8 388  838 


Scfs  KP*  2^ai  S32  «:S3  S3S  sss  SS;3  ^g§  RSS  SSa  SSi.  &.3S  q-SR  sea  SIRS, 


C n M W *t  JP!  .’V  >r.  »-.  O R to  rt  K r.  .*1  sc  K 1^  »S  ir;  (‘'j  J»  K ,*5  R)  « O SC  I*.  P!  K p Pt  lO  ^ K SC  O R »■.  ? r C<  (n  (0  o 


r :t  i»r»  p.  :*  »t»  p!:t 


tt  ss  r » K » SR  n r :• 


p. » ir  a pt  a SR  a 


jab’s  's's  ’3’8  b's  b's  Vs  b's  b'8  b’s  Vs  'a’s  Vs  Vs  's’s  Vs  b's 


rw  <v  (Vt  cu  (Vi  oi 


» T T ►»  c • •" 

♦ fi2  fi*S  SffS  • ••  * V * sT  sTE  * 

j M 1 |-V,-  ??:  I«  If  0 ? , ?E  n I . I I I.-  li  Iv 

♦ »•  O'  f~M  t>  ’-VI  r<  f’  ? ►»  f'  r »•  ■•  S h-n  r-  ,25  I*  >.  (»  r>  ’•  ft  f’  p. 

f*  *■  C •*:  « '*•  1:  I*  ‘^-  1:  >;  o t *:  l.  *:  4r  j:  v c a.  a a:  r<  a.  « a:  • a.  - a:  ( a;  • a » 

' «£  i}^  *S*‘*  ^c"*  tyet,  t i.'  ti' 

„ ,5 1 s " fl ;.. ..  ,s  p . « t s ,5  x j t:  „ E j-  ,; « j „ ,j  ? 5 • a, } n .s  s v e s .• 

E f''5  S4  . f!'  ff£  S..*  i.‘‘S  f frS  &'•■¥  ^-?  s,*t  i"  SM  S.  r 

S i S ^ .5  S 6 , J ij  S * . t S !-  !i  i i I i S . S ;'  S S ,9  S f •«  J S 'J  { 1 ..  t S ii  ;■  i S «'.  S ,1 

^r  tor  t:-sv  tgj  b-  5:?  f?;  t:'*  iU  n? 

H “ .3  .3  ,S  g,  ,»  g ,3  g g g g g 


g g g. 


rcfilP  e li. 


8 K '8  8 % 8 

^ ^ R C no 


^ § li  ^ I 


Table  B1  (Cont!rue<9) 


(iontlnaed) 


T«tl«  fContlnued) 


• 

1^- 

S 

s 

^ Sk 

■? 

f- 

8S 

a 8 a 

'S  K 

C3 

► 

< 

X 

1 - 

o 

o 

d 

d 

d d 

^4  d (C 

>4  4 

d 

h 

o 

v<  > 

1 

4 o 

m 

XI  so 

«K  O xi 

O -« 

■o 

t3 

1 i ' ' 

•H  S 1 

NO 

I-  OJ  1 

<•  ■« 

i <4  i 

lA 

■s ' 

38  ’ 

•M  1 t Os  i 1 1 .4  1 

-•  ^•  VO 

5 d } Id! 

' 8 ' 

* 

<o  <« 

Os  Os 

^ ri4  04 

03  r4 

X 

u 

i 

i 

8S 

s 

t-40 

851 

d XK  ^ 

X»  XK 

.4  d 

R j3 

e 

St 

8 

*» 

« ■ 

k 

sc 

sj 

s» 

SS 

~ 

o 

WK 

5.^ 

R JA  R 

R a 

8 

T<  »»  . 

4)  - 

« y > 

> 

it- 

> > 

> 

> 

> 

> 

a a 

V4> 

NO 

kO 

VO 

so 

UK  so  l/K 

XK  ^ 

O 

r| 

Vfi 

-O  so 

NO 

d 

d 

d UK  UK 

<u>  UK 

d 

» 

sjs 

o 

<« 

o 

O' 

o 

UK  UK  sO 

«>  UK 

S J 

OK 

IKK 

o> 

(•' 

d 

<x 

sO  t-  XK 

^ N (M 

OK  XK 

■•  rii 

2 

i 

UK  UK 

1 “7“*.“: 

<0  o ^ <o 

O O O' 

^<o  ^ 

0X1^ 

>0  -4 

^(VOs  SOOSO  4D-«XK 

X-  ^ .4  r4  UD  K 

so  (M  ^ 

xK  r- 

.4  UKSO  O UK  XK 

‘Ih 

r-  (O  « 

(»'  fti  ^ <\J  Oj  « 

«4  <M 

<\4  -*  ■» 

.>  XK  X' 

so^r^  sOAsO}  sO.4^ 

.4  X-  ^ SC  u*-  « 

4 >*  -« 

m >o  o 

SOUKIV 

41 

* •; 
s* 

cl 

9 38  S»i;  RS3i 

8 as 

888 

S?8 

d5f^J 

5S? 

(5x4?  ^ S X 

SS8  8 33 

3^?: 

385 

^ ss 

O <\i  O O •*' 

n,  ir>  o. 

Vl’  X»fv 

« 

*’  3 '*' 

«'  O X- 

• XKO  «,40 

O <w  .4  IS*  nt  o 

(U  >4  >4 

.«  »t  r4 

o o o o o o 

>. 

its 

S8S 

888  S8i 

f2  S 

888 

888 

SS?J 

883 

<>9'*  >A.«I 

JK.©^  aKOrs.  x*xo 

^ Os4>  • 

4-  .4  sO  .4  UK 

T*?^ 

?ss 

-•  Os  <3  <3  9 EM 

UK  XI  UK  93  *8 

*l> 

2S- 

® rJ  '* 

SR- 

e-  r4 

(Vi 

sOsO>4  X»«K,4  .4>00 

XK  Xt  O * UK  ^ 

ru  fw  .4 

.4  >4  O 

O O e X»  XK  -4 

88S 

888  888 

888 

SS8 

888 

888 

883 

383  888  ^88 

38a  883 

838 

888 

883  S8S 

■Sf- 

c 

4 

R f 

S,S  S 

5iyftk 

8SS 

S5^ 

^ >4  Xs 

o. 

83S  aa3  "ss 

■tSi'*' 

M -4 

A.  i“' 

R"  s ^ i2-«o  a 

V; 

:*  :« 

tt.  ■■  ti.  M 

X » 

3 3 

.., 

fcfc 

x r,  ^ 

^ t 

X.x/^ 

S'?; 

X W ^ 

O <3  £ 

S 5 c 5 

£ 

t.  •] 

UK  UK 
« ^ 

e js 

Us  Us 

X :• 

r ;«  X 9 

X » 

X 3 

X 3 

X 3 

r 3 

m3  m3  m3 

m3  m3 

m 3 

M 3 

m3  m3 

ITs 

•18  9^8 

“8 

38 

38 

3 8 

8 8 8 8 8 8 

88  88 

8 *8 

“g 

8 8 ‘8^ 

• « 

i 

S| 

* -* 
St 

^ .» 

(V  iv 

lj4^ 

«'•  K 

5;^ 

IK  i\ 

88  R3  1-3 

is  is  is 

as  88 

• • • • 

X?: 

'*'  a 

• • 

• • 

•5 

RS  t;S 

• » • • 

33  33 

• 

* fc  ^ 
^ '■'  ^ 
i 

K 

<\i 

F*  C 

A A 

« S s'. 

? 

A 

F* 

a 

(S. 

r 

A 

P 

A 

<v 

p 

3 

o 

fj  st  ^4 

A -!.  d 

As  !P 

A s*l 

•4  A 

8 

t- 

3. 

A. 

■{ 

t- 

1 1 

A Jt 

< 

. • ^ 

•* 

< < .« 

< < 

< 

^ f 

r 

<> 

3 

i 

• o 

S ): 

I-* 

U 

^ i:  m 

si  s| 

II  P 

ll 

« 

Js 

at 

•1 

-ij. 

1-3 

ai! 

.5  s _ 

» ^ 

9 i 
53 
ajg 

“5. 

t« 

* £ 
irl 

-i-. 

s' 3 

9 !; 
t-i 

•jji 

“S- 

t & t 

3 _ 3 J _ 

J t J t J t 

b « b ■ b • 

ja  |a  ja 

t fr 

t b J b 

b ■ bo 

ts  is 

■ - « - 

? 

■jr 

P 

3 

E 

* 

.?.?  d 

r»  c S -* 

L 


(Contln  jed) 


Table  B1  (CanMnuM) 


(Continued)  (fheet  10  of  I?) 


cw  o a o 


I I I I i lA  I lA 


> > > > 


9C<J^  OOt-V  iA<\t^  O 9-  f\t  (DOO  <*''HsO  OOJiA  0>4iA  OC 


-»  lA  J 

04  0.  m 

so  t-  >4 

f-  rg  -*  ^ i^t~ 

(■A  04  t— 

lA®  0 
04 

® 0 eA 
04 

sAe-  « 

0 <•> 

33'" 

4-«  r- 

04  ^ 04 

sr,s 

VO  Ai vO 
04  t-  ® 

® ® ^ 
W J lA 

At  "«  ® 
0 SO  ^ 

ess 

t-  04  ® J lA  lA 

® ^ -g  0-  e-® 

04  0^ 

383 

® pg  <0 
o-  04  fO 

lA  0 04 
^ 4-  h- 

^ <0  <3 
4-  ^ lA 

IA  4-  J 

0 

S3S 

n9 

0 -H  0 

000 

000 

-3  04  0 

rH  rg  O4 

000  000 

OJ  rH  rg 

04  eg  ^ 

0 >H  0 

M ^g  ^ 

000 

■H  ^ 0 

-g  04  ►g 

-»  es.  -4 

eo  rg  ^ 

« ^ s 

OJ  ® ® 

® o>® 

04  ^ ^ 
^ Os  lA 

0 «A  (n 

9eo  (^ 

04  t-  0 
lAvO  lA 

^4  ^ r— ® 

4“  1*9® 

0 >«  ^g 

K88 

->  ® lA 

<>  0 eg 

uA  0 gA 

1-  4-«® 

lA  f~  0 

«^®  fO 

*n  ® 
sA  ^ vO 

0 8S 

»A  -g  g 

® ® ^ 
«*se*  0* 

0 (M  0 

000 

000 

1-  ® >-4 

fO  04  -H 

04  ^ 0 -g  -4  0 

® Os<*S 

04  <0  -4 

^ en  -4 

04  'g  'g 

-g  <-4  0 

-g  Oi  rg 

O'  e*  .H 

-»  -9  04 

s ss 

S82 

8Sg 

SS8 

5S.S  SSS 

888 

saa 

s?s 

8SS 

sas 

000 

<SO  4-  fA 

000 

000 
-4  -g  ^ 

0 0 sA 
-g  t-® 

0 -9 

<A®  lA 

04  OS  eg 

I4^  t“  04 

0 lAsO  ^ Oa  ® 

9-1  r*' 

S4R 

sA  Ossfi 
«A 

ro  t—  01 

0 lA  <n 

Os®  04 

-»  ^ SA 

^ ® ^ 

O'  1-4  lA 

m :* 

u :• 

W 3 

U1  U 

U3  3 

us  3 

U 3 

US  3 

US  3 

0 0 

kA  lA 

ftp 

SS  K 79 

® 5 
^ » 

lA  lA 

0. 

K K » 

South 

Woat 

Up 

9% 

0. 

m M 9 

2 W e ^4' 

J « £ J « S' 

® W § 

w m n 

£S  £ 

m m £ 

48  § 

m m ^ 

£ 

t.  B S 

0 i ^ 

tis 

III 

sl  g 

w m £ 

ll^ 

as 

A 

m m => 

m » 

3^  3 

m 3 

K 3 K 3 

K 3 

K 3 

«!  3 

r.  3 

K 3 

SR  3 

7;  3 

m 3 

X 3 

‘8  8 

8 8 

M 3 

82 

K 3 

*3  'S'S 

ori» 

>■4  04 

2! 

0. 1» 

>g  13 

?3!, 
rg  eg 

^ <3 

■3  j 
^ eg 

-»  01 
eg  j 

-»  eg 
eg  ^ 

SR 

Os  C- 
<n  {y 

Os  ^ 

fO  ^ 

& ^ 

® 04 
lA  -g 

RS  S8 

® eg 

3a 

0 04 

® p4 

^St 

5 

f-  ?vj 

Ai 

t-  04 
<A  04 

^3 

0 ^ 

» 04 

4,3  as 

*S 

4^ 

5s  ^ 

*5 

J»  4- 

S’S 

S'S 

lA 

r- 

5; 

D; 

? 

- ^ 

0 

0 

0 

0 

0 

0 

0 

s 

( 

<\l 

Al 

t 

01 

eg 

a 

1 4, 

eg 

• 

<3 

A 

eg 

eg 

eg 

ei 

2 

1 

(n 

4, 

5! 

J. 

4 J 

Os 

0. 

1 

4 

t 

Os 

<1 

1 

*? 

< 

M < 

£ 

„ 

< 

< 

< 

„ 

< 

7 i I 
3 a 


r:  -2  « 5 

Sis  * 

h ^ 1 


I n > i .-I 

^ oS  * I II 

]p  *(  S ^ h * i 


o C a £ J Ji 
» 7 Si  • I 

i;  5 •:  -5  t'  5 s 

a a eat;!; 

its  is  53S* 

am  9mw  C 

m m ^ £ 


a :^t:  0:  25  51 

f 3*  1^’  3^  S'" 


s r r T’  s 

« « S S 9 

s s s s ; 


1 6 

1 

3| 

a 

S'" 

J 

3g 

£ 

s ” 

•3 

3 

u ^ a « 

3S  * f 

a ^ i:^ 


F irirfiT^frtr^s- I 1 <; 


(Shw  ll  of  1?) 


to 


Os  flD 


I OS  I 


^ ? sj 

ll-i 


S IX  s 


so  so  Stf 


i?a 


rtl  Ri 


. r^^-'0  R|^-F4  COOsRl  i/\Os«  irs(na>  O-t-r 

[r*  I Jfsjf'  <\i  Cii  tn  ^(sjrs  cvRiM 


if\Os^  ^£o  osDO  o.Jn?^  5^3  5svd!» 

•H  ooo  <Sjr-«»H  (VrW'^  fsJ-H^ 


«Cs  0-9-*  oiTsA  t^oo^  r~«rsa3  <NO<- 

so  ^ M ^ 

HO  RiRlO  ojrs^  RlOH.«  jjcw  <Sii"R»- 


■.it 


PSi  SSS  SSS  SgS  SS3  &S3  ?SS  gg? 

f—f--»  OsOsO  sOO<*s  sO>HlX  (O^sf  ORj.4 


C2 


T 


i 


A 


A 

D 

g 

M 

N 

P 

P 

5 
s 

Subscript  s 
t 
t 

m 

t 

o 

u 

m 

u 

s 

V 

% 

V 

g 

V 

w 

6 

0 


Maximum  ground  acceleration  as  a fraction  of  g 
Maximum  displacement 
Acceleration  of  gravity 
Earthquake  magnitude 

Ground  acceleration,  as  a fraction  of  g,  required  to  make 
factor  of  safety  unity 

Resultant  of  normal  stress  on  slip  surface 

Normal  stress  on  slip  surface 

Resultant  of  shear  stress  on  slip  surface 

Shear  stress  on  slip  surface 

Scaled  value 

Time 

Time  at  cessation  of  relative  motion 

Time  at  end  of  acceleration  pulse 

Displacement  of  sliding  mass  relative  to  ground 

Standardized  maximum  displacement;  i.e.,  scaled  permanent 
displacement  of  sliding  mass  for  A = 0.5  and 
V = 30  in. /sec 

Velocity 

Instantaneous  velocity  of  sliding  mass 
Instantaneous  ground  velocity  at  time  t 
Maximum  ground  velocity 
Weight  of  sliding  mass 

Inclination  of  the  resultant  of  shearing  resistance, 

S,  with  respect  to  horizontal 

Inclination  of  critical  earthquake  acceleration  to 
horizontal 
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In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Franklin,  Arley  G 

Earthquake  resistance  of  earth  and  rock-fill  dams;  Report  5: 
Permanent  displacements  of  earth  embankments  by  Newmark 
sliding  block  analysis  / by  Arley  G.  Franklin,  Frank  K.  Chang. 
Vicksburg,  Miss.  : U.  S.  Waterways  Experiment  Station  ; 
Springfield,  Va.  : available  from  National  Technical  Information 
Service,  1977. 

38,  r21j  p.  : ill.  ; 27  cm.  (Miscellaneous  paper  - U.  S. 

Army  Engineer  Waterways  Experiment  Station  ; S-71-17,  Report  5) 
Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Army, 
Washington,  D.  C. , under  CWIS  No.  31144. 
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